Introduction: Radiofrequency ablation (RFA) for hepatocellular carcinoma (HCC) is considered a safe and minimally invasive procedure. We previously reported that the mortality and complication rates for RFA were 0.038% (5/13,283 patients) and 3.54% (579 complications/16,346 procedures), respectively, from 1999 to 2010 (previous period). In this study, we investigated the clinical criteria for RFA and the mortality and complication rates from 2011 to 2015 (recent period). Methods: Data were collected from 25 centers by using a questionnaire developed by the Chugoku-Shikoku Society for Local Ablation Therapy of HCC. The criteria for RFA, RFA modification, use of image-guidance modalities, mortality, and complications during the previous and recent periods were compared. Results: We evaluated 11,298 procedures for 9,411 patients, including those that involved new devices (bipolar RFA and internally adjustable electrode system). The criterion of hepatic function for RFA increased from a Child-Pugh score ≤8 during the previous period to ≤9 during the recent period. The criteria regarding the tumor location and other risk factors have been expanded recently because of the increased use of several modifications of the RFA procedure and image-guidance modalities. The mortality rate was 0.064% (6/9,411 patients), and the complication rate was 2.92% (330 complications/11,298 procedures). There was no difference in mortality rates between the 2 periods (p = 0.38), but the complication rates was significantly lower during the recent period (p = 0.038). Discussion and Conclusions: Our findings confirmed that RFA, including the use of new devices, is a low-risk procedure for HCC, despite the expansion of the criteria for RFA during the recent period.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the fourth leading cause of cancer-related deaths worldwide [1] . In Japan, more than 60% of HCC cases are diagnosed at an early stage (Barcelona Clinic Liver Cancer stage 0 or A), which can be treated with curative therapies such as surgical resection, local ablation, and liver transplantation [2] . According to a nationwide survey of primary cancer in Japan, local ablation provides a viable alternative to surgical resection and is the first treatment choice for 29.3% of HCC cases, with the majority treated with radiofrequency ablation (RFA) [3] .
RFA was first used in Japan in 1999. By 2000, almost all institutions in Japan were performing the procedure. Although RFA is considered a safe and minimally invasive procedure, several complications have been reported [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . We previously reported mortality and complication rates of 0.038 and 3.54%, respectively, across 20 centers in Japan between January 1999 and October 2010 [15] . Based on these data, we confirmed that RFA may be considered a safe and mostly well-tolerated treatment for HCC.
Recently, a novel bipolar RFA system [16, 17] and an internally cooled adjustable electrode system [18] have been introduced in Japan; however, there have been no reports, to date, regarding the complication rates associated with these devices in a large population. Additionally, recent modalities, such as artificial ascites, artificial pleural effusion, contrastenhanced ultrasound (CE-US), and multimodality fusion imaging, have been developed [19] . These imaging modalities could improve the effectiveness of RFA for the treatment of small HCC lesions, which are usually inconspicuous on ordinary ultrasound imaging. These advances in RFA and imaging techniques could expand the therapeutic indications for RFA. Therefore, we aimed to investigate the criteria for RFA and the mortality and complication rates associated with RFA including the use of new devices during a 5-year period (from 2011 to 2015) across 25 centers. Furthermore, we compared data obtained during this recent period (2011) (2012) (2013) (2014) (2015) to the data obtained during a previous period of observation (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) ) that were previously reported [15] .
Methods
In July 2016, a questionnaire developed by the Chugoku-Shikoku Society for the Local Ablation Therapy of HCC was sent to 37 centers in the Chugoku and Shikoku regions of Japan. These centers were affiliated with the Chugoku Shikoku Society for the Local Ablation Therapy of HCC and included all major hospitals where RFA was performed routinely in the Chugoku and Shikoku regions. Replies to this questionnaire were obtained from 25 centers (response rate, 67.6%). The questionnaire was based on a previous report [15] and included the following items: (1) background factors used as an indication for RFA (cutoff of the blood platelet count used to determine the need for transfusion or oral thrombopoietin receptor agonist therapy; cutoff of the total bilirubin level; cutoff of the prothrombin time; presence of ascites; and cutoff of the Child-Pugh score); (2) RFA indications for tumor location or other factors that increase the risk for complications (position adjacent to the first or second branch of the portal vein or bile duct, origin of the hepatic veins or inferior vena cava or adjacent to the gallbladder, and the presence of a bilioenteric anastomosis or papillary dysfunction); (3) tumor characteristics considered for RFA, including tumor size and number of tumors; (4) modifications to the RFA procedure, including the use of artificial ascites, artificial pleural effusion, and bile duct cooling; (5) total number of RFA procedures performed between January 2011 and December 2015, as an indicator of the RFA expertise at a center as well as the device used for RFA; (6) number of RFA procedures performed using image-guidance modalities (CE-US, multimodality fusion imaging such as Real-time Virtual Sonography [Hitachi, Ltd, Tokyo, Japan], Smart Fusion [Canon Medical Systems, Tokyo, Japan], and Volume Navigation [GE Healthcare, Tokyo, Japan], three-dimensional [3D] sim-Navigator [3D-SIM; Hitachi, Ltd], and computed tomography [CT] guidance); and (7) mortality and complication rates associated with RFA procedures during an observation period of at least 1 month after RFA. Major complications were assessed according to the guidelines of the Society of Interventional Radiology [20, 21] . Data gathered during the recent period (2011-2015) were compared to our previous data collected from 1999 to 2010 across 20 centers, including differences in mortality and complication rates [15] .
Our study methods were approved by the Institutional Review Board (IRB) of Yamaguchi University Hospital (Ube, Japan, H29-071) and by the IRB of the other 8 centers not directly affiliated with Yamaguchi University Hospital. Because of the retrospective nature of our study, consent from individual patients was not required.
Statistical Analysis
Data were expressed as the mean ± SD. Between-group differences were evaluated using a chi-square test or Student t test as appropriate for the type of data variable. Statistical significance was defined as p < 0.05. All analyses were performed using the JMP 13.0 software package (SAS Institute, Inc., Cary, NC, USA).
Results

Criteria for RFA
We analyzed the criteria used to define hepatic function as an indication for RFA during the previous period and the recent period ( Fig. 1) . The criteria during the previous period were as follows: total bilirubin ≤3 mg/dL at 14 (70%) of 20 centers; prothrombin time ≥50% at 11 (55%) centers; platelet count ≥5 × 10 4 /mm 3 at 10 (50%) centers; absence of ascites after medication at 15 (50%) centers; and a Child-Pugh score ≤8 at 7 (35%) centers. During the recent period, the hepatic function criteria for RFA indications were as follows: total bilirubin ≤3 mg/dL at 20 (80%) of 25 centers; prothrombin time ≥50% at 13 (52%) centers; platelet count ≥5 × 10 4 /mm 3 at 19 (76%) centers; absence of ascites after medication at 15 (60%) centers; and Child-Pugh score ≤9 at 12 (48%) centers. Figure 2 shows the tumor location or other factors associated with a higher risk of mortality and complications for RFA. The following differences were identified between the previous and recent periods. During the previous period, patients with risk I had HCC adjacent to the first or second branch of the portal vein or bile duct were considered to be RFA candidates at 15 of 20 centers (75%); those with risk II had HCC adjacent to the origin of the hepatic veins or the inferior vena cava at 18 centers (90%); those with risk III had HCC adjacent to the gallbladder at 13 centers (65%); and those with risk IV had a bilioenteric anastomosis or papillary dysfunction at 5 centers (25%). During the recent period, patients with risk I, risk II, risk III, and risk IV were considered RFA candidates at 21 of 25 centers (84%), 25 centers (100%), 16 centers (64%), and 10 centers (40%), respectively.
Additionally, in this study, we included the number of tumors and the maximum tumor size in the criteria for RFA. Regarding the number of tumors, ≤3 tumors was the cutoff used at 13 (52%) centers, ≤5 was used at 4 (16%) centers, ≤6 was used at 1 (4%) center, and ≤10 was used at 1 (4%) center; there was no limitation at 6 (24%) centers. The maximum tumor size was ≤3 cm at 17 centers (68%), ≤4 cm at 2 (8%) centers, ≤5 cm at 4 (16%) centers, and ≤10 cm at 1 (4%) center; there was no limitation at 1 (4%) center. Thirteen centers (52%) used the general criteria of ≤3 HCC lesions with a diameter ≤3 cm as indications for RFA.
Modifications of the RFA Procedure
Several modifications to the RFA procedure have been developed for the treatment of HCC lesions in high-risk locations. During the previous period, these included the use of artificial The criteria used during the previous period were as follows: total bilirubin ≤3 mg/dL at 14 (70%) of 20 centers; prothrombin time ≥50% at 11 (55%); platelet count ≥5 × 10 4 /mm 3 at 10 (50%); absence of ascites after medication at 15 (50%); and Child-Pugh score ≤8 at 7 (35%). During the recent period, the hepatic function criteria for RFA were as follows: total bilirubin ≤3 mg/dL at 20 (80%) of 25 centers; prothrombin time ≥50% at 13 (52%); platelet count ≥5 × 10 4 /mm 3 at 19 (76%); absence of ascites after medication at 15 (60%); and Child-Pugh score ≤9 at 12 (48%).
ascites at 17 (85%) centers, artificial pleural effusion at 15 (75%) centers, and bile duct cooling using a nasobiliary drainage tube at 5 (25%) centers. During the recent period, these same modifications were performed at 23 (92%), 24 (96%), and 8 centers (32%), respectively ( Fig. 3 ).
Patients and RFA Procedures
We evaluated 11,298 RFA procedures performed for 9,411 patients treated across 25 centers. Of these 11,298 procedures, RFA monotherapy was performed for 6,874 (60.8%) patients and RFA in combination with transcatheter arterial chemoembolization or lipiodoltranscatheter arterial infusion chemotherapy was performed for 4,424 (39.2%) patients. The mean number of RFA procedures per year was 90.3 ± 75.1. Twenty-one of the 25 participating centers (84%) performed ≥101 RFA procedures during the 5 years of the recent period of observation, and 11 centers (44%) performed ≥501 RFA procedures during this same 5-year period. Expert physicians (median 3 physicians; range 1-8) performed RFA. Twenty-one centers had at least one physician with 10 years or more of experience with percutaneous ablation therapies at the beginning of this study, and 4 centers had at least one physician with 5 years or more of experience. In addition, 14 of the 25 participating centers also participated in the previous study [15] , and 11 of 14 centers had at least one physician with 10 years or more of experience at the beginning of this study. After the RFA procedure, antibiotic agents were administered for a few days (median 3 days; range 1-5) at 19 centers (76%), and 6 centers (24%) did not use an antibiotic agent.
In terms of the devices used for RFA, the Cool-tip Radiofrequency System (Convidien, Boulder, CO, USA) was used at all 25 centers. In addition, the RTC System (Boston Scientific Japan Co., Tokyo, Japan) was used at 8 centers, and the RITA RFA System (RITA MEDICAL SYSTEM, Fremont, CA, USA) was used at 2 centers. The Celon-POWER System (Olympus Winter and Ibe, GmbH, Telto, Germany) and VIVARF System (STARmed Co., Korea), which are new RFA devices, were used at 13 and 11 centers, respectively.
The annual trend for the type of RFA procedure performed during the recent 5-year period of observation is shown in Figure 4 . There was an overall decrease in the annual number of RFA procedures performed during the observation period. Of the total number of procedures performed (11,298 procedures), 9, 
Image-Guidance Modalities of the RFA Procedure
Image-guidance modalities were used for almost half of the RFA procedures (5,294 of 11,298 procedures; 46.9%) during the recent period; CE-US was used for 2,397 procedures (45.3%), multimodality fusion imaging was used for 2,549 (48.1%), 3D-SIM was used for 95 (1.8%), and CT guidance was used for 253 (4.8%; Fig. 5 ). The frequency of using imageguidance modalities increased slightly during the 5-year period as follows: 2011, 46.3%; 2012, 46.2%; 2013, 46.6%; 2014, 47.8%; and 2015, 47.9%. Image-guidance modalities were used at 23 of the 25 centers with the following distribution: CE-US at 21 (84%) centers; multimodality fusion imaging at 19 (76%); 3D-SIM at 3 (12%); and CT guidance at 13 (52%).
Complications and Mortality Associated with RFA
Among the 11,298 procedures performed, 330 complications (2.92%) were identified. Six patients (6/9,411 patients; 0.064%) died from RFA-related complications during the recent period (one each from intraperitoneal hemorrhage, refractory ascites, perforation of the intestine, bile duct injury, diaphragm injury, and refractory pleural effusion). All centers were classified into 2 groups: high-volume centers (≥501 RFA procedures during 5 years) and low-volume centers (< 501 RFA procedures during 5 years). Eleven (44%) and 14 (56%) centers were high-volume and low-volume centers, respectively. There was no significant difference in the complication rates between the high-volume (2.83 ± 2.14%) and low-volume (3.24 ± 13.6%) centers (p = 0.30). During the previous period, the complication and mortality rates were 3.54% (579/16,346 procedures) and 0.038% (5/13,283 patients), respectively. Therefore, although there was no significant difference in the mortality rates of the recent and previous periods (p = 0.38), the complication rate was significantly lower during the recent period than during the previous period (p = 0.038). Table 1 shows the types of RFA-associated complications that were classified into the following 6 categories for analysis: hemorrhage, hepatic injuries, extrahepatic organ in- juries, tumor progression, skin burn due to poor contact between the electrode pad and the skin, and others [15] . Hemorrhage was defined as a reduction of > 3 g/dL in the hemoglobin concentration or requiring a blood transfusion, as reported in the previous study [15] . There were no significant differences in 2 categories (hemorrhage and extrahepatic organ injuries) between the 2 periods. For the category of extrahepatic organ injuries, 48 cases (0.424%) of pneumothorax were reported, and the complication rate was markedly higher during the recent period than during the previous period (9 cases; 0.055%); 19 patients required chest tube drainage as treatment. There were no injuries to the heart, stomach, duodenum, or gallbladder, and only 1 case of injury to the skin was identified (0.009%). The complication rate during the recent period was markedly lower than that during the previous period (32 cases; 0.196%). Specifically, the complication rates of the following 3 categories were significantly lower during the recent period than during the previous period: hepatic injuries, with the incidence of injury to the bile ducts during the recent period (14 cases; 0.124%) being markedly lower than that during the previous period (110 cases; 0.673%); tumor progression; and skin burn due to poor contact between the electrode pad and the skin. Figure 6 shows the annual complication rates for the different RFA systems used. The complication rates were lowest for the Cool-tip and RTC Systems, at approximately 3% each. The complication rates were highest for the Celon-POWER System, at 6.76% in 2013 and 7.30% in 2014; however, the rate subsequently decreased to 2.86% in 2015. The complication rates for the VIVARF System and the RITA System were 0.73 and 0% in 2015, respectively. The complication rates across the 6 categories (hemorrhage, hepatic injuries, extrahepatic organ injuries, tumor progression, and skin burn), specifically for the Cool-tip System and the Celon-POWER System, are shown in the online supplementary Table (for all online suppl. material, see www.karger.com/doi/10.1159/000502744). In the extrahepatic injuries category, the complication rate was significantly higher for the Celon-POWER System than for the Cool-tip System.
Annual Complication Rate for Different RFA Systems
Discussion and Conclusions
RFA is currently considered the standard local-regional treatment for HCC worldwide for patients with ≤3 tumors that are ≤3 cm in diameter [20, [22] [23] [24] , and it is considered a safe technique overall [12, 14] . We previously reported the indications and complication rates for RFA across 20 centers between January 1999 and October 2010 [15] . However, recent advances in RFA equipment and techniques [16] [17] [18] , as well as in RFA image-guidance modalities [19] , have resulted in an expansion of the indications for RFA. Therefore, in this study, we compared the indications for RFA as well as the complication and RFA-associated death rates between the 2 periods. Annual complication rates for different RFA systems. The complication rates were lowest for the Cooltip and RTC systems, at approximately 3% each. However, the complication rate was high for the Celon-POWER System during the first 2 years (6.76% in 2013 and 7.30% in 2014), but it decreased sharply in 2015 (2.86%). The complication rates for the VIVARF System and the RITA System were 0.73% and 0% in 2015, respectively.
In the current study, the hepatic function criteria for RFA during the recent period were as follows: total bilirubin ≤3 mg/dL at 20 (80%) of 25 centers; prothrombin time ≥50% at 13 (52%) centers; platelet count ≥5 × 10 4 /mm 3 at 19 (76%) centers; absence of ascites after medication at 15 (60%) centers; and Child-Pugh score ≤9 at 12 (48%) centers. Additionally, there were no differences in the hepatic function criteria between high-volume and low-volume RFA centers. There were no differences in total bilirubin, prothrombin time, platelet count, and the degree of ascites; however, a shift in the Child-Pugh score from ≤8 to ≤9 was noted during the recent period compared to the previous period. According to major guidelines, RFA is recommended for patients with HCC lesions with a Child-Pugh score of A or B [22] [23] [24] . However, 7 centers (28%) accepted a Child-Pugh score of C during the recent period. Hiraoka et al. [26] reported that interventional radiology including RFA for HCC may prolong the survival of naive HCC patients with a Child-Pugh score of C with up to 7 criteria and total bilirubin < 3 mg/dL. Therefore, such patients with a Child-Pugh score of C could be candidates for RFA.
According to quality improvement guidelines for RFA of liver tumors, RFA is contraindicated for the treatment of liver tumors located < 1 cm from the main biliary duct and a bilioenteric anastomosis [20] . The indications for RFA for patients with HCC adjacent to the first or second branch of the bile duct have increased from 15 of 20 centers (75%) during the previous period to 21 of 25 centers (84%) during the recent period; they have also increased for patients with a bilioenteric anastomosis or papillary dysfunction from 5 of 20 centers (25%) during the previous period to 10 of 25 centers (40%) during the recent period, which has consequently increased the use of bile duct cooling via nasobiliary drainage tube from 25 to 32% (Table 1) . Additionally, only 13 centers (52%) used the general criteria for tumor number and size during the recent period [20, [22] [23] [24] . Therefore, our findings indicated that the criteria for RFA in terms of both patient and tumor characteristics have recently expanded. Although a statistical analysis could not be performed because these data were obtained from a questionnaire, the findings are beneficial for clinical practice.
Shiina et al. [11] reported that the mortality and complication rates were 0.03 and 1.5%, respectively, during an analysis of 2,982 RFA procedures for 1,170 patients with HCC at a single high-volume center where the largest number of RFA treatments was performed. The complication rate for RFA has been reported by multiple centers in a few studies [4, 6, 8, 12] , and systematic reviews have reported RFA-related mortality and complication rates [13, 14] . In 2002, Mulier et al. [13] reported a mortality rate of 0.5% and a complication rate of 8.9% among 3,670 cases of RFA, with lower rates of 0.16 and 4.1%, respectively, reported by Bertot et al. [14] for 9,531 cases in 2011. A Japanese national survey performed in 2012 reported mortality and complication rates of 0.25 and 4.54%, respectively, for 11,688 cases [25] . We also reported a mortality rate of 0.038% and a complication rate of 3.54% for 13,283 cases in 2012 [15] . During the recent period, the mortality and complication rates were 0.064 and 2.92%, respectively. Although the mortality rate was not significantly different between the recent (2011-2015) and previous (1999-2010) periods (p = 0.38), the complication rate was significantly lower during the recent period than during the previous period (p = 0.038), despite the expansion of the criteria for RFA during the recent period. This recent improvement in the RFA-associated complication rate likely resulted from the increased use of several modifications to RFA (Fig. 3) , as well as from the increased reliance on image-guidance modalities that were used for 5,294 of 11,298 procedures (46.9%; Fig. 5 ). Therefore, precise targeting with these modalities could result in lower complication rates.
In this study, we used the same classifications of the following 6 categories of complications reported in our previous study [15] : hemorrhage, hepatic injuries, extrahepatic organ injuries, tumor progression, skin burn due to poor contact between the electrode pad and the skin, and others (Table 1 ). Compared to the complication rates during the previous period (1999-2010), the complication rates for hepatic injuries, tumor progression, and skin burn were significantly lower during the recent period than during the previous period. However, for the category of extrahepatic organ injuries, the complication rate of pneumothorax markedly increased during the recent period (0.424%) compared to the previous period (0.055%), with 37 of these 48 cases (77.1%) occurring at one center. This center performed RFA under CT guidance in 106 cases in the recent period of observation, for HCCs located in the hepatic dome, which requires a transpulmonary approach that is a high-risk factor for pneumothorax [27] . As such, most cases of pneumothorax in this study were considered predictable complications of the transpulmonary approach.
In Japan, with the recent decrease in the incidence of liver tumors, which are almost all HCC lesions [28] , there has been a gradual decline in the number of RFA procedures performed during the recent 5-year period of observation ( Fig. 4) . Additionally, the incidence of HCC with non-viral etiologies (NBNC-HCC) has recently increased in Japan [29] . HCC tends to be diagnosed at an advanced stage because of the lack of adequate surveillance for NBNC-HCC [30] , which has also caused a decrease in the number of RFA procedures. Moreover, although the Cool-tip Radiofrequency System was predominantly (87.94%) used during the early part of the observation period, the use of this system significantly decreased with the introduction of new RFA devices, including the Celon-POWER System and VIVARF System. Although the complication rates for the different RFA systems cannot be simply compared due to various biases, the incidence of complications remained low for the Cool-tip and RTC Systems (at approximately 3%) because of the accumulated experience using these RFA devices. The complication rate was also low for the VIVARF System, which uses an electrode with the same shape as that of the Cool-tip System. However, the complication rates associated with the Celon-POWER System were 6.76% in 2013, 7.30% in 2014, and 2.86% in 2015, respectively. In Japan, the Celon-POWER System was introduced in 2013. We considered that the complication rates during the first 2 years was high because physicians had no experience with this system; however, its complication rate was markedly reduced in 2015 because of the accumulated experience using this system. The complication rate in 2015 was similar to that previously reported (2.7%) [31] . Another report demonstrated that the major complication rate was equal to that of multipolar RFA and monopolar RFA at 7.2%, with no significant difference [17] . In our study, specifically when comparing complications associated with the Celon-POWER System and the Cool-tip System, the complication rates of extrahepatic injuries were significantly higher for the Celon-POWER than for the Cool-tip system (online suppl. Table) . Therefore, it is suggested that appropriate insertion of multiple electrodes around the liver tumor is very difficult, even for expert physicians. When multipolar RFA is performed under ultrasound guidance, considerable skills are required to understand the position relation of multiple electrodes. Since 2014, a new simulator system, the 3D sim-Navigator [32, 33] , has been used at 3 centers (95 procedures) and could facilitate the safe insertion of multiple electrodes around the tumor. The 3D sim-Navigator may also contribute to reduced complications associated with the Celon-POWER System.
The limitations of our study should be acknowledged. First, some important clinical data that may affect the mortality and complication rates associated with RFA, such as the size and location of the tumor, liver reserve capacity (e.g., Child-Pugh), and coexisting disease (e.g., diabetes, renal failure, heart disease, etc.), were not included in the questionnaires used for data collection. Second, although we compared the findings during 2 observation periods (1999-2010 and 2011-2015), we did not consider differences in patients' backgrounds and physicians' skills. However, our study had the distinct advantage of providing outcomes of a large-scale population of more than 20,000 patients and was the first to compare mortality and complication rates of different periods.
In conclusion, this study confirmed that RFA, including RFA using new devices, is a low-risk procedure for HCC, despite the expansion of the criteria for RFA during the recent
